Abstract. The smooth skate (Malacoraja senta) is a small species of skate that is native to the waters of the north-western Atlantic. Recent assessments in the Gulf of Maine indicate that the biomass of smooth skates has declined below threshold levels mandated by the Sustainable Fisheries Act. This decline, coupled with the paucity of biological data, has prompted the National Marine Fisheries Service to prohibit the possession of smooth skates in this region. Consequently, crucial life history information is now being collected, which could be used in the formulation of a management plan. The present study describes and characterises the reproductive cycle of female and male smooth skates, based on monthly samples taken off the coast of New Hampshire, USA, from May 2001 to April 2002. Gonadosomatic index (GSI), hepatosomatic index (HSI), shell gland weight, follicle size and egg case formation were assessed for 79 female skates. In general, these reproductive parameters remained relatively constant throughout most of the year. Additionally, the size distribution of ovarian follicles in females captured each month did not vary significantly. For males (n = 81), histological stages of spermatogenesis III to VI (SIII-SVI), GSI and HSI were examined. No significant differences were detected in male reproductive parameters, and production and maintenance of mature spermatocysts within the testes were observed throughout the year. Collectively, these findings indicate that, like other north Atlantic skate species, the smooth skate is reproductively active year-round.
Introduction
The subclass Elasmobranchii is represented by species that are equilibrium strategists (k-selected) (Winemiller and Rose 1992) . These fishes generally possess slow growth rates, reach sexual maturity at a late age, have a low fecundity and are relatively long-lived (Winemiller and Rose 1992; Frisk et al. 2001) . They also have a very low resilience to fishing mortality (Hoenig and Gruber 1990; Musick 1999) . Although directed fisheries have been the cause of stock collapse in many elasmobranch species, an equal if not greater threat to these long-lived animals is additional fishing mortality caused by mixed-species fisheries and by-catch in fisheries targeting other species (Bonfil 1994; Musick 1999 Musick , 2004 .
Although the vulnerability of sharks to exploitation as by-catch in commercial fisheries is well documented (Bonfil 1994; Musick 1999 Musick , 2004 , recent population assessments of batoids suggest these elasmobranchs are also at risk. For example, Dulvy and Reynolds (2002) recently confirmed the disappearance of the common skate, Dipturus batis, from the Irish Sea, and reported that the long nose skate Dipturus oxyrhinchus and the white skate Rostroraja alba were also absent from substantial parts of their ranges. In the north-western Atlantic, there have been precipitous declines in barndoor Dipturus laevis (Casey and Myers 1998) , thorny Amblyraja radiata and smooth skate Malacoraja senta stocks (New England Fishery Management Council [NEFMC] 2001 [NEFMC] , 2003 . As a result of these circumstances, commercial landing of these three species is now prohibited in the Gulf of Maine (NEFMC 2003 (NEFMC , 2005 . To help facilitate the management process and rebuilding of skate stocks in this region, life history data have recently been collected from D. laevis (Gedamke et al. 2005) and A. radiata (Sulikowski et al. 2005a (Sulikowski et al. , 2005b .
Malacoraja senta is one of the smallest (66 cm total length; 1.2 kg wet weight) species of skate endemic to the north-western Atlantic Ocean (McEachran 2002) . Although M. senta has a relatively broad geographic distribution, ranging from Newfoundland and the southern Gulf of St. Lawrence in Canada to New Jersey in the United States (Robins and Ray 1986; McEachran 2002) , no direct biological data exist for this species. Given the current predicament of M. senta stocks and the lack of direct biological information, the objective of the present study was to examine the reproductive cycle of M. senta collected from the Gulf of Maine. Skates were maintained alive on-board F/V Mystique Lady until transportation to the University of New Hampshire's Coastal Marine Laboratory. There, individual fish were euthanised (0.3 g L −1 bath of MS222) and the following morphological measurements recorded: total length (TL; mm), disc width (DW; mm), and total wet weight (kg) (Sulikowski et al. 2005a) . For males, clasper length was measured as the straightline distance from the posterior point of the cloaca to the end of the clasper. The gonadosomatic index (GSI) and hepatosomatic index (HSI) were calculated as gonad weight divided by total body weight multiplied by 100, and liver weight divided by total body weight multiplied by 100 respectively. The epigonal organ was included in both male and female GSI measurements owing to its close association with the gonads (Maruska et al. 1996; Sulikowski et al. 2004 Sulikowski et al. , 2005b .
Materials and methods

Sampling
Gross morphology of the female reproductive tract
Ovaries, shell glands, and uteri were removed, blotted dry, and weighed to the nearest gram. Ovarian follicle dynamics were evaluated by measuring individual diameters with a caliper and counting all follicles ≥1 mm in diameter (Martin 1982; Tsang and Callard 1987; Snelson et al. 1988; Sulikowski et al. 2004) . For this data set, we arbitrarily grouped follicles that ranged in diameter from 1 to 24 mm into eight size classes (3 mm increments; expressed as % frequency of total follicle number) to profile their pattern over the sampling period. We also averaged the size of the single largest follicle found on the right and left ovaries of each skate.Thereafter, average follicle diameters, average ovary weights and average shell gland weights were analysed to assess temporal patterns in the reproductive cycle.
Histology of the testis
Testes were removed, blotted dry, and weighed to the nearest gram. A single 2-to 3-mm thick segment was removed from the central portion of a single lobe in the medial area of an individual testis (Maruska et al. 1996; Sulikowski et al. 2004 Sulikowski et al. , 2005b , placed in a tissue cassette and fixed in 10% buffered formalin until processed by the UNH Veterinary Diagnostic Laboratory. There, the sample was dehydrated, embedded in paraffin, sectioned and stained with hematoxylin and eosin. Prepared slides of testicular tissue were examined and classified into stages of spermatogenic development following the criteria described by Maruska et al. (1996) , Hamlett and Koob (1999) , and Tricas et al. (2000) . Among the seven developmental stages of spermatogenesis described in other elasmobranchs, hormone analyses have confirmed that stages III to VI are associated with reproductive readiness (Cuevas and Callard 1989; Du Bois et al. 1989; Heupel et al. 1999; Tricas et al. 2000; Sulikowski et al. 2004 Sulikowski et al. , 2005c . For this reason, we focused our efforts on identifying these specific stages in M. senta. Briefly, these stages have the following characteristics: Stage III, spermatocytes; Stage IV, spermatids; Stage V, immature spermatocysts; Stage VI, mature spermatocysts (Maruska et al. 1996) . In the present study, mean proportion of testis occupied by each of these stages was measured along a straight-line distance across one representative full lobe crosssection of the testis (Maruska et al. 1996; Conrath et al. 2002; Sulikowski et al. 2004) .
Criteria for reproductively capable skates
Females whose reproductive tracts contained ovarian follicles with a minimum diameter of 13 mm and had a shell gland weighing at least 5 g were considered mature (reproductively capable of egg encapsulation and oviposition). These numbers were determined based on our observations of reproductive tracts containing egg cases that were either fully formed or undergoing various stages of formation. Males with calcified claspers 14 cm long or greater, and with a proportion of mature spermatocysts in the testes of ≥20%, were considered to be mature and reproductively capable of fertilising an ovulated follicle (Koob et al. 1986; Heupel et al. 1999; Conrath et al. 2002; Sulikowski et al. 2004 Sulikowski et al. , 2005b . Other indicators of reproductive activity, such as mating bites on female pectoral fins and evidence of mating activity on male claspers, were either absent or not apparent in specimens examined during the study. Sperm storage was not assessed in the present investigation.
Statistical analyses
Results are presented as mean ± s.e.m. and evaluated by Kruskal-Wallis one-way ANOVA by ranks, followed by a Tukey's post hoc test. Statistical significance was accepted at P < 0.05. To determine whether a relationship exists in measured morphological and histological reproductive parameters, a Pearson correlation analysis (r) was performed.
Results
Size ranges
Mature female skates (n = 79) ranged from 508 to 630 mm in total length (TL; 568 mm ± 2) and from 0.6 to 1.2 kg (0.8 kg ± 0.02) in total body mass. Mature male skates (n = 81) ranged from 550 to 660 mm TL (611 mm ± 3), and from 0.9 to 2.2 kg (1.1 kg ± 0.03) in total body mass.
Assessment of morphological parameters in the female reproductive tract
The average GSI of skates remained relatively constant over the course of the sampling period (Fig. 1a) , except for a transient increase (P < 0.05) in skates captured in August. Despite an apparent increasing trend in mean HSI (Fig. 1b) from April to August, statistical analyses did not reveal any changes over the sampling period (P > 0.05). Despite the increased GSI in females collected in August, the patterns associated with mean diameter of the two largest ovarian follicles did not fluctuate in a similar manner (P > 0.05) (Fig. 2a) . Likewise, mean shell gland weight (Fig. 2b) did not change (P > 0.05). No pattern in egg case formation was discerned over the course of the study (Fig. 2c) , even though egg cases undergoing various stages of development were only found in uteri of skates captured in January, February, March, July, September, October and November.
Additional analysis revealed that GSI was moderately correlated with shell gland weight (r = 0.47) and average follicle diameter (r = 0.47). However, no correlation between HSI and shell gland weight (r = −0.06) or average follicle diameter (r = 0.02) was observed.
Assessment of morphological parameters in the male reproductive tract
Histological stages of spermatogenesis III to VI (SIII-SVI) were examined for 60 males, and GSI (Fig. 1a) and HSI (Fig. 1b) were determined for 81 males collected during the sampling period. Although the relative proportion of the individual stages of spermatogenesis did not differ among the 12 months of sampling, it is notable that the production and maintenance of mature spermatocysts (SVI) within the testes persisted throughout the year (Fig. 3a) . Similarly, no significant seasonal differences were observed in GSI or HSI (Fig. 1a,b) . In addition, there were weak to no correlations between spermatogenesis and either HSI or GSI (r = −0.15 and 0.05 respectively).
Synchronicity between male and female reproductive cycles
Our results from the female and male morphological reproductive parameters suggest that M. senta is capable of reproducing throughout the year in the Gulf of Maine. Consistent with the continuous presence of mature spermatocysts throughout the year (Fig. 3a) , the profile of ovarian follicles ranging in diameters between 1 and 24 mm was also remarkably constant (Fig. 3b) , with no noticeable shifts in follicle size classes during the sampling period. Furthermore, when per cent composition of SVI (spermatogenesis) was compared with captured female skates with egg cases, a moderate synchronicity (r = 0.38) was observed. 
Discussion
Research indicates that oviparous elasmobranchs exhibit a variety of reproductive cycles first categorised by Wourms (1977) and later outlined by Hamlett and Koob (1999) . These categories are: (1) reproduction throughout the year; (2) a partially defined annual cycle with one or two peaks; and (3) a well-defined annual or biennial cycle. Female thorny skates, Amblyraja radiata, captured in the Gulf of Maine fit into the first category as they are sexually active throughout the year. For example, ovary samples collected from all months always contained large, preovulatory follicles that were ≥25 mm (Sulikowski et al. 2005b) . Species such as the lesser spotted dogfish Scyliorhinus canicula (Henderson and Casey 2001) , winter skate Leucoraja ocellata (Sulikowski et al. 2004) , and the little skate Leucoraja erinacea (Richards et al. 1963) exhibit the second type of reproductive cycle. These species appear to have the capacity to reproduce year-round but display peak periods of enhanced reproductive activity. Species that exhibit the third cyclical pattern (clearly delineated period[s] of reproductive activity) include the clearnose skate Raja eglanteria (Rasmussen et al. 1999 ) and the epaulette shark Hemiscyllium ocellatum (Heupel et al. 1999) . Data collected from the present study revealed that female Malacoraja senta are analogous to A. radiata in that they are capable of reproducing throughout the year. Thus, like A. radiata, M. senta should be placed into the first reproductive category (Wourms 1977; Hamlett and Koob 1999) . The fairly consistent pattern of HSI in female M. senta over the reproductive cycle suggest that liver reserves (such as lipids and proteins used for oocyte growth) were stored and metabolised continuously throughout the year, without a significant change in whole-organ biomass. Although these results for M. senta are similar to those obtained for A. radiata (Sulikowski et al. 2005b) , they contrast with those from other oviparous species, such as S. canicula, that display seasonal variations in liver mass because of differential lipid deposition that occurs during different times of the reproductive cycle (Craik 1978) .
Data describing the annual reproductive cycles of oviparous male elasmobranchs are very limited, because most studies focus on changes in morphological parameters (e.g. Richards et al. 1963; Craik 1978) or steroid hormone analyses (e.g. Sumpter and Dodd 1979; Rasmussen et al. 1999) in females. To our knowledge there are only three species in which quantitative methods were utilised to describe annual reproductive patterns in males. They are H. ocellatum (Heupel et al. 1999) , L. ocellata (Sulikowski et al. 2004) and A. radiata (Sulikowsk et al. 2005b) . When compared to the other two skate species, H. ocellatum exhibits a different strategy with respect to its reproductive cycle. Although both L. ocellata and A. radiata are capable of continuous production of mature spermatocysts throughout the year, sperm production by the testes of H. ocellatum, along with circulating androgen concentrations, displayed a concurrent seasonal cycle that peaked from June to October (Heupel et al. 1999) .
The lack of correlation between GSI or HSI and stage of spermatogenesis in M. senta was not surprising, because previous studies did not support the assumption that relative gonad size (or storage products in the liver) and reproductive readiness are positively correlated (Teshima 1981; Parsons and Grier 1992; Maruska et al. 1996) . For instance, neither peak sperm production (Maruska et al. 1996) nor the pattern of testosterone concentration was correlated with GSI in the Atlantic stingray Dasyatis sabina (Snelson et al. 1997) , L. ocellata (Sulikowski et al. 2004) or the thorny skate (Sulikowski et al. 2005b) .
Relatively few studies have assessed whether cyclical patterns of reproductive parameters are co-ordinated between males and females over the course of their reproductive cycles. Among those species that have been studied, co-ordinated peaks in male and female gonad weight were observed in L. ocellata (Sulikowski et al. 2004 ) and H. ocellatum (Heupel et al. 1999) . Moreover, mature spermatocysts (SVI) and percentage of female thorny skates with egg cases were found to be synchronised over the course of these species' reproductive cycle (Sulikowski et al. 2005b ). In the current study, mature spermatocysts (SVI) and percentage of M. senta with egg cases were, at best, moderately correlated over the course of their reproductive cycles. However, the persistence of mature spermatocysts (SVI) throughout the year was strikingly paralleled by the unwavering pattern of ovarian follicle dynamics, where no major shifts in follicle sizes were observed. In contrast, Henderson and Casey (2001) found that the gonadal cycles of male and female S. canicula were asynchronous, which they hypothesised to be related to sperm storage by females.
Sperm storage has been documented in other female elasmobranchs (e.g. Pratt 1993; Maruska et al. 1996) , and is thought to be utilised primarily by species that are nomadic or segregated by sex (Pratt 1993 ). This does not apply to M. senta, which was neither segregated by sex (both genders were captured in the same area and in the same trawls) nor found to be nomadic (J. Sulikowski, unpublished observation). Moreover, because males are capable of producing viable sperm and females appear to be reproductively active throughout the year, there is probably no need for our sampled population of M. senta to store sperm. Thus, based on the above information, we believe that the morphological measurements and assessments of reproductive tissues in our sampled population of M. senta are co-ordinated over an annual cycle.
In summary, the results of the present study indicate that Malacoraja senta has a reproductive cycle that is continuous throughout the year. For females, this conclusion was based on ovary weight, shell gland weight, diameter of the largest follicles (the preovulatory follicles) and the pattern of ovarian follicle development. For males, this conclusion was drawn from the presence of mature spermatocysts within the testes over the course of the sampling period. Moreover, comparisons between the proportion of mature spermatocysts and the percentage of egg case-bearing females, along with the strong relationship between the proportion of spermatocysts and ovarian follicle dynamics, suggest that male and female reproductive cycles are synchronous.
